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Design of Instrumentat ion for  t he  Measurement of t h e  
S p e c t r a l  I r r ad iances  from S o l a r  Simulator Sources 
Ralph S t a i r ,  W i l l i a m  E ,  Schneider, W i l l i a m  R. Waters, John K. Jackson and 
Roger E. Brown 
I, INTRODUCTION 
I n  previous r e p o r t s  (1, 2)  a considerable  amount of bas i c  information 
was included covering the  s tandards ,  the d e t e c t o r s ,  and the  prel iminary 
s t a t u s  of the  gene ra l  ins t rumznta t ion  under development a t  t h i s  Bureau f o r  
use i n  the  measurement of the s p e c t r a l  i r r a d i a n c e s  from s o l a r  s imulators .  
T h i s  r e p o r t  w i l l  g ive primary cons idera t ion  t o  new developments and t o  
d e t a i l s  of ins t rumenta l  design. While t h e r e  w i l l  n eces sa r i ly  be som? 
dup l i ca t ion ,  repeated re ference  t o  the e a r l i e r  r e p o r t s  may be requi red  f o r  
complete information. 
I 11, Detectors  
For use i n  the  p rec i se  measurement of s p e c t r a l  r a d i a n t  energy ( in  
p a r t i c u l a r  s p e c t r a l  i r r a d i a n c e )  severa l  types  of d e t e c t o r s  a r e  a v a i l a b l e .  
I n  cases where s u f f i c i e n t  f l u x  i s  ava i l ab le  a thermoelec t r ic  de t ec to r  
(thermopile or thermocouple) i s  t o  be p re fe r r ed  because of i t s  r e l a t i v e l y  
n e u t r a l  cha rac t e r  as  a func t ion  of wavelength. Next i n  l i n e  of p re fe r -  
ence i s  the use of a pho toe lec t r i c  c e l l  (photoemissive or  photoconducting) 
s ince  the  a s soc ia t ed  e l e c t r o n i c s  may be of r a t h e r  simple design., However, 
i n  c e r t a i n  cases  these  lack the required s e n s i t i v i t y  - thus  n 2 c e s s i t a t i n g  
t h e  use of photomul t ip l ie rs  wi th  more complicated a s soc ia t ed  e l e c t r o n i c s ,  
The l a t t e r  have been found necessary f o r  t he  u l t r a v i o l e t  s p e c t r a l  reg ion  
when employing some of the  prefer red  ins t rumenta t ion ,  
1, Thermopiles and Thermocouples 
Some of the  c h a r s c t e r i s t i c s  of t h e r m s 1  d e t e c t o r s  ( thermopiles)  h a w  
been d iscussed  i n  cons iderable  d e t a i l  elsewhere ( 1 , 2 , 3 ) .  While most 
thermal  d e t e c t o r s  lack  complete equa l i ty  of response wi th  wavelength i t  
has  been found t h a t  coa t ings  of some of t h e  comaon blacks,  f o r  example, 
gold b l ack  o r  lamp black,  i f  of s u f f i c i e n t  th ickness ,  a r e  r e l a t i v e l y  
n e u t r a l  i n  s p e c t r a l  response from the u l t r a v i o l e t  t o  above 4 microns 
(see f i g u r e  1). Parson 's  b lack  has  been found t o  be n e u t r a l  i n  cha rac t e r  
t o  above 20 mCcrons ( 4 ) ,  I t s  use may not be s a t i s f a c t o r y ,  however, s ince  
a d e t e c t o r  coated with i t  i s  very s luggish  i n  response,  r e q u i r i n g  minutes 
f o r  a f u l l  d e f l e c t i o n ,  The use of thermopiles i n  c m n e c t i o n  wi th  the  
p re sen t  r e p o r t  has  3een confined t o  ins t rumenta t ion  employed i n  measurements 
i nvo lv ing  t h e  s e t t i n g  up of t he  s tandards of t o t a l  and s p e c t r a l  i r r ad iance .  
T h e i r  use  i n  ins t rumenta t ion  f o r  measuring the  s p e c t r a l  i r r a d i a n c e s  of s o l a r  
s imula to r s  has  been inves t iga t ed  ex tens ive ly  by o t h e r s  (5). 
accord ingly  been confined pr imar i ly  t o  p h o t o e l e c t r i c  ins t rumenta t ion ,  
Our work has  
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2, Phototubes 
A number of phototubes having high s e n s i t i v i t y  i n  the  u l t r a v i o l e t  
and v i s i b l e  po r t ions  of t he  spectrum a r e  a v a i l a b l e  (6). Among these  i s  
RCA-type 935, which is enclosed i n  an  envelope of high u l t r a v i o l e t  t r a n s -  
mit tance.  A t y p i c a l  s p e c t r a l  response f o r  one of these  phototubes is 
shown i n  f igu re  2. 
micron and i t  is r e a d i l y  adaptab le  f o r  use wi th  dc a m p l i f i c a t i o n  or 
wi th  convent ional  or tuned ac a m p l i f i c a t i o n  f o l lox ing  s i g n a l  chopping. 
I t s  u s e f u l  s p e c t r a l  range is from 0,25 t o  about0.60 
3. PbS Cells 
Among the  photoconducting c e l l s  t he  PbS ce l l s  appear t o  o f f e r  the  
bes t  a l l -around c h a r a c t e r i s t i c s  f o r  use as d e t e c t o r s  w i th in  the  spectral  
range of about 0.5 t o  2,5 microns, These have c e r t a i n  d e f e c t s  as previ -  
ously noted (1,2) and r e q u i r e  hermetic  s e a l i n g  t o  e l imina te  short- term 
v a r i a t i o n s  i n  s e n s i t i v i t y  because of temperature and humidity changes, 
Higher s e n s i t i v i t y  i s  obta inable  through r e f r i g e r a t i o n  and s p e c i a l  ca re  
as t o  s e l e c t i o n  of c e l l  s i z e ,  o r i e n t a t i o n ,  and c i r c u i t  arrangement 
(6,7,8,9) but  opera t ion  a t  room temperature i s  usua l ly  s a t i s f a c t o r y  if 
the  a u x i l i a r y  e l e c t r o n i c s  a r e  adequate,  A r ep resen ta t ive  s p e c t r a l  response 
curve of a t y p i c a l  PbS c e l l  operated a t  room temp<?rature i s  i l l u s t r a t e d  
i n  f i g u r e  3. 
4. Phot m u 1  t i  pliers 
Pnotomul t ip l ie rs  are a v a i l a b l e  wi th  v a r i a b l e  c h a r a c t e r i s t i c s  i n  many 
s izes  and shapes from numerous sources  ( 6 ) ,  The p a s s i b l e  use of s e v e r a l  
types  was discussed i n  our previous r e p o r t s  (1,2)0 Recent measurements 
wi th  an  EMI type 9558 QA m u l t i p l i e r  have been h igh ly  s a t i s f a c t o r y .  This  
tube has  an S-20 sur face  and is usable  wi th  high s i g n a l  t o  
no i se  ga in  from 0.25 t o  about 0,80 micron,. A r e p r e s e n t a t i v e  spectral 
response curve f o r  t h i s  m u l t i p l i e r  i s  given i n  f i g u r e  4 ,  
111, Standard Sources 
A s  ind ica ted  i n  previous r e p o r t s  (1,2) t h r e e  s tandards  of r a d i a t i o n  
e n t e r  i n t o  the development and use of i n s t rumen ta t ions  f o r  t he  measurement 
of t h e  s p e c t r a l  i r r a d i a n c e s  from s o l a r  s imula tors .  These are the  s tandards  
of t o t a l  i r radiance,  of spectral rad iance ,  and of s p e c t r a l  i r r ad iance .  A l l  
are based upon the  radiance of a blackbody as def ined  by the  S te fan  - 
Boltzmann and Planck laws of r a d i a t i o n ,  
1. Standard of Total  I r r a d i a n c e  
Since 1913 the carbon-filament lamp (10) h a s  been employed as a working 
s tandard  of t o t a l  i r r ad iance .  A s  set up t h e  i r r a d i a n c e  from the e n t i r e  lamp 
bulb and socket was included. A s  a r e s u l t  about  10 percent  of t h e  i r r a d i -  
ance c o n s i s t s  of f l u x  of wavelengths longer  than  about  3 microns - f l u x  
l y i n g  wi th in  t h a t  s p e c t r a l  reg ion  h i g h l y  s u s c e p t i b l e  t o  absorptance by 
atmospheric water vapor. Needs  f o r  h ighe r  accuracy and wider  ranges of 
t o t a l  i r r ad iance  have necess i t a t ed  work toward t h e  s e t t i n g  up of t h r e e  
s i z e s  (loo-, 500- and 1000-watt) of tungs ten- f i lament  lamp s tandards  of 
-3 - 
t o t a l  i r r ad iance .  These lamps operate a t  a h igher  temperature than  i s  
poss ib l e  wi th  the  carbon-filament lamps, and are sh ie lded ,  except  f o r  a 
narrow area of t he  bulb i n  f r o n t  of the  f i l amen t ,  so t h a t  the r ecep t ion  of 
long-wavelength f l u x  from the l a m ?  is reduced t o  a minimum, The new l a m ? s  
are being compared wi th  a blackbody a t  a known temparature ,  the  f l u x  from 
which is l imi t ed  i n  s p e c t r a l  range through the  use of a c a l i b r a t e d  qua r t z  
g l a s s  p l a t e .  Since no s i g n i f i c a n t  f l ux  having a wavelength longer than  
about 4,5 microns i s  present  from e i t h e r  t he  blackbody or  lamp, e r r o r s  
r e s u l t i n g  from water vapor absorpt ion are reduced t o  a minimum. Higher 
accu rac i e s  in c a l i b r a t i o n s  should r e s u l t  from t h e  use  of t hese  s tandards.  
2, Standard of Spectral Radiance 
These s tandards  are not  used d i r e c t l y  i n  the  c a l i b r a t i o n  of i n s t r u -  
mzntat ion employed i n  the  measurement of the  s p e c t r a l  i r r a d i a n c e s  from 
s o l a r  s imula tors  or s imulator  sources. I n  t h i s  area t h e i r  p r i n c i p a l  use 
has been t h ~ t  nf an interm~diate step in netting up the  s tandards  of 
s p e c t r a l  i r r a d i a n c e  as discussed i n  the previous r e p o r t s  (152)- To date 
there have heen_ 20 inter-laboratory checks between these  s tandards  and those 
OE o the r  n a t i o n a l  or  o ther  labora tor ies .  However, i n  t he  near  f u t u r e  i t  
is expected t h a t  such a check w i l l  be a v a i l a b l e  through the  Heat Div is ion  
of the NBS, For f u r t h e r  informati02 r e l a t i n g  t o  t h i s  s tandard the  reader  
i s  r e f e r r e d  t o  o ther  sources  (1,2,11)0 
3. Standard of Spectral I r r ad iance  
The experimental  work involved i n  s e t t i n g  up the  s tandard of s p e c t r a l  
i r r a d i a n c e  has  been discussed i n  som d e t a i l  elsewhere (12), The o r i g i n a l  
lamp s tandard  cons i s t ed  of a 200-watt quartz- iodine lamp c a l i b r a t e d  f o r  
s p e c t r a l  i r r a d i a n c e  a t  a d i s t ance  of 43 cm, Two problems have a r i s e n ,  
F i r s t ,  f o r  much work, the  s p e c t r a l  i n t e n s i t i e s  a v a i l a b l e  f a l l  f a r  s h o r t  of 
those  des i r ed ,  e s p e c i a l l y  i n  the  u l t r a v i o l e t .  This was t h e  case  i n  p a r t i c u -  
lar  wi th  measurements of s o l a r  r ad ia t ion ,  s o l a r  s imzla tors ,  and s o l a r  
s imula tor  sources.  Secondly, the comparison of un l ike  sources  spec t roradio-  
m z t r i c a l l y  has  been found t o  be very d i f f i c u l t  when us ing  convent ional  
spec t roradiometr ic  equipment (13) because of v a r i a t i o n s  i n  s e n s i t i v i t y  over 
t h e  su r faces  of a v a i l a b l e  d e t e c t o r s  and because of non-uniform t r a n s -  
mi t t ances  over t h e  a p e r t u r e s  of commercial spectrometers ,  By inc reas ing  
t h e  s p e c t r a l  i r r a d i a n c e  from the  standard,  both of t hese  problems can  be 
solved,  o r  a t  least reduced i n  magnitude. I n  t h e  f i r s t  problem the  r a t i o  
of the  s p e c t r a l  i r r a d i a n c e s  from the test  and s tandard sources  is reduced 
whi le  i n  the  second problem a more powerful s tandard source permits  t h e  
use of d i f f u s i n g  o p t i c s  a t  the  entrance s l i t  of t he  spectrometer.  Accord- 
i n g l y  t r a n s f e r  has  been made t o  the  use  of 1000-watt quartz- iodine lamps 
as s tandards  of s p e c t r a l  i r r ad iance .  
The 1000-watt tungsten-f i lament  quar tz - iod ine  lamp chosen f o r  use as 
t h e  new standard of s p e c t r a l  i r r ad iance  i s  the  G.E, t y p e  EXW 120-volt ,  
1000-watt, V-line lamp (see f i g u r e  5). This  lamp is i n  comnercial  pro- 
duc t ion  as  a photo-flood source and should cont inue t o  be r e a d i l y  ava i l ab le .  
Th i s  was a n  important cons idera t ion  i n  t h e  d e c i s i o n  t o  spec i fy  t h i s  par- 
t i c u l a r  lamp because of previous experiences wi th  non-comaercial sourcesD 
t' 
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The 1000-watt lamp i s  s i m l l a r  i n  cons t ruc t ion  t o  the G,E. model 
6A/T4Q/lCL 200-watt lam? prev ious ly  employed, except  t h a t  i t  i s  s l i g h t l y  
l a r g e r  (approximately 318 inch  x 3 inches) ,  
s tandard  of s p e c t r a l  i r r a d i a n c e  the  inpu t  cu r ren t  i s  set a t  8,30 amperes, 
r e s u l t i n g  i n  a "color  temperature' '  of approximately 3100"K, 
temperature i t s  u s e f u l  l i f e  (with output  change of less than  1 percent )  
i s  about 50 t o  100 hours - about t he  same as f o r  t he  200-watt lamp (12). 
When the  lamp i s  used as a 
A t  t h i s  
Tne s p e c t r a l  d a t a  f o r  t h ree  of t he  new 1000-watt tungsten-f i lament  
quartz- iodine lamps are given i n  Table I. 
of 50 c m  when the  lamps are operated a t  8.30 amperes. It was a sce r t a ined  
t h a t  t h e  inverse-square l a w  appl ied  between 50 and 100 cm, Small cor -  
r e c t i o n s  may be requi red  when t h e  lamps are operated a t  l e s s e r  d i s t ances ,  
These s tandards have been set up wi th  t h e  l a m y  mounted v e r t i c a l l y  and 
operated on ac. 
t h a t  t h e  lamps may be pos i t ioned  h o r i z o n t a l l y  (or otherwise)  or  operated 
on dc without s i g n i f i c a n t  change i n  the  output  i n  the  s p e c i f i e d  d i r e c t i o n .  
These d a t a  are f o r  a d i s t ance  
However, from data on s e v e r a l  lamps i t  was a sce r t a ined  
a. Use of t h e  Standard of S p e c t r a l  I r r ad iance  
Each 1000-watt quar tz - iod ine  lamp standard of s p e c t r a l  i r r a d i a n c e  i s  
marked w i t h  a n  i d e n t i f y i n g  number a t  one end of the lamp. The lamp is 
mounted i n  a meta l  support  and is c a l i b r a t e d  wi th  the  numbered end dawn 
and wi th  t h e  number on t h e  s i d e  away from the  de t ec to r .  
d i s t a n c e  (from the  lamp f i l amen t )  are made a long  a h o r i z o n t a l  a x i s  pass ing  
through the cen te r  of the lamp f i lament ,  The c o r r e c t  v e r t i c a l  p o s i t i o n  i s  
determined by s e t t i n g  the  c e n t e r s  of the  upper and lower p r e s s  seals a loJg  
a plumb l € n e  as viewed from one s i d e  of t he  lam?. The plane of t he  f r o n t  
sur face  of t h e  upper p re s s  seal  i s  set t o  con ta in  t h e  h o r i z o n t a l  perpen- 
d i c u l a r  t o  the  l i n e  connect ing the  lamp f i l amen t  c e n t e r  and de tec to r .  
P rec i se  s e t t i n g  of t he  lamp as regards  t o  both v e r t i c a l  t i l t  and r o t a t i o n  
about t h e  f i lament  axis i s  important,  s i n c e  a n  e r r o r  of one or two 
degrees  i n  o r i e n t a t i o n  may r e s u l t  i n  a n  e r r o r  i n  i r r a d i a n c e  of s e v e r a l  
percent .  
Measurements of 
The cur ren t  i s  set  a t  8.30 amperes ac, and t h e  lamp i s  allowed t o  
opera te  fo r  a t  least  5 minutes before  d a t a  are recorded. Any convenient 
mzthod may be employed t o  c o n t r o l  t he  c u r r e n t ;  h m e v e r ,  the  c i r c u i t  
i l l u s t r a t e d  i n  fip;ure 6, has  been found very  u s e f u l  i n  t h i s  laboratory.  It 
c o n s i s t s  of two v a r i a b l e  au to t ransformers  (20-A and 5-A r a t i n g s )  and a 
heavy-duty radio-f i lament  t ransformer,  (One-half of a center- tapped 5- or 
6.3-V secondary has  been found s a t i s f a c t o r y  for smooth c u r r e n t  con t ro l ) .  
$ I 
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Iv, NBS Ins t rumenta t ions  Employed i n  Lsmp C a l i b r a t i o n s  and i n  the  
Measurement of Solar Simulator Sources 
Since the  s p e c t r a l  i r r a d i a n c e  from the  1000-watt quar tz - iod ine  lamp 
(see Table I) a t  300 nm is approximately 10 t ims t h a t  a t  250 nm, a t  
390 nm approximately 100 timzs t h a t  a t  250 nm, and a t  700 nm approxi- 
mately 1000 t i m i s  t h a t  a t  250 nm, the  ins t rumenta t ion  chosen f o r  s p e c t r a l  
i r r a d i a n c e s  of va r ious  sources  r e l a t i v e  t o  t h a t  from the  s tandard lamp 
must  have very low s c a t t e r i n g  f o r  f l u x  of the  longer wavelengths i n t o  the  
short-wavelength reg ion  of t he  spectrum. A similar precaut ion  a p p l i e s  t o  
the s c a t t e r i n g  of f l u x  from s p e c t r a l  reg ions  wherede tec tor  S e n s i t i v i t y  i s  
h igh  t o  s p e c t r a l  r eg ions  where de tec tor  s e n s i t i v i t y  i s  low, 
1, Spectroradiometr ic  Ins t rumenta t ion  
The G S E ~ L  s i sg l e -p r i sm o r  g r a t i n g  spectrometer is a t  once ru led  out 
f o r  use i n  s p e c t r a l  i r r a d i a n c e  work because the  s c a t t e r e d  f l u x  in t he  
u l t r a v t o l e t ,  e ~ p e c i a l l y  f o r  wavelengths s h o r t e r  than  300 mn, i s  excessive.  
Only a double-dispers ion system i s  adequate f o r  use w i t h  continuous 
sources  such as  tungsten-f i lament  l a m p s ,  the  sun, and s o l a r  s imulators .  
For a number of reasons,  such as mult iple  o rde r s  of spec t r a ,  ghosts ,  and 
h igh  l o s s e s  by s c a t t e r i n g ,  the  gra t ing  type of i n s t rumen ta t ion  i s  i n f e r i o r  
t o  t h a t  of the convent ional  double-prism spectroradiometer .  The spec t ro-  
radiometers  i n  use a t  t h i s  Bureau in lamp c a l i b r a t i o n s  and i n  the  measure- 
mznt of t he  s p e c t r a l  i r r a d i a n c e s  from the  sun and from s o l a r  s imulator  
sources ,  are b u i l t  around the  Carl hiss double-quartz-prism monochro- 
mator. It was se l ec t ed  because of i t s  compactness, p o r t a b i l i t y ,  economy, 
and a d a p t a b i l i t y  f o r  use Over a n  extended s p e c t r a l  range (0.25 t o  2,5 
microns). 
a u x i l i a r y  components forming the  complete spectroradiometer ,  are shown i n  
f i g u r e  7. 
The o p t i c a l  l ayout  of t h i s  instrument ,  t ogs the r  wi th  t h e  va r ious  
The double  monochromator conta ins  aluminized mir ror  o p t i c s  making i t  
p o s s i b l e  t o  opera te  over a n  extended wavelength i n t e r v a l  ( l imi ted  only by 
t h e  prism ma te r i a l )  without  chaage i n  focus  or mechanical s l i t  width.  The 
r e s o l v i n g  power i s  high and the  energy output  h a s  a high s p e c t r a l  p u r i t y  
and a h igh  degree of freedom from sca t t e red  r ad ia t ion .  I t s  compactness 
and l i g h t  weight make i t  adaptable  fo r  mounting on a n  o p t i c a l  bench (a 
l i g h t  duty l a t h e  bed). 
change i n  observa t ions  between t h e  two lamps (or  o the r  sources)  undergoing 
c ompar i son. 
This  requirement is important t o  permit r ap id  
Two d e t e c t o r s  are employed i n  t h i s  spectroradiometer  - a photomulti-  
p l i e r  t o  cover t h e  u l t r a v i o l e t  and v i s i b l e  s p e c t r a l  ranges and a PbS c e l l  
f o r  t h e  v i s i b l e  and i n f r a r e d  regions.  The two d e t e c t o r s  are mounted 
w i t h i n  a n  aluminum housing on a s ingle ,  a d j u s t a b l e  t a b l e  so t h a t  e i t h e r  
can  be brought i n t o  proper ho r i zon ta l  p o s i t i o n  behind t h e  e x i t  s l i t  by 
m a n s  of a simple screw adjustment.  ( A t  t he  present  tin?, however, i n  
lamp c a l i b r a t i o n s ,  t h i s  ins t rumenta t ioa  is employed only f o r  t h e  s p e c t r a l  
range covered by t h e  photomul t ip l ie rs  - 0.25 t o  0.75 micron; a photo- 
e l e c t r i c  f i l t e r  instrument ,  described belaw, is employed f o r  the  longer 
wavelengths. 
lowering o r  r a i s i n g  the  de t ec to r  housing. 
Vertical adjustment f o r  maximum response i s  obtained by 
t I 
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A prime component of the ins t rumznta t ion  is the  d i f f u s i n g  sphere 
This is requi red  as ind ica t ed  above s ince  a l l  a t  the  entrance s l i t .  
d e t e c t o r s  vary g r e a t l y  i n  s e n s i t i v i t y  over t h e i r  su r f aces  and a l l  
double-prism monochromators are non-uniform i n  t ransmi t tance  over 
t h e € r  o p t i c a l  a p e r t u r e s  (13). The combination of t he  two produces 
very e r r a t i c  r e s u l t s  i n  i r r a d i a n c e  measurements i f  at tempted without  a 
d i f f u s e r  a t  t h e  en t rance  s l i t  of the  spectrometer.  
The d i f f u s i n g  sphere is no t  p re sen t ly  a v a i l a b l e  comnercial ly  as  a 
f i n i s h e d  product, bu t  t he  ilzcessary components, spun aluminum hemispheres; 
may be purchasgd o r  r e a d i l y  f a b r i c a t e d ,  The f i n i s h e d  sphere may be coated 
wi th  MgO,  e i t h e r  smoked or  pressed i n t o  place o r  else sprayed wi th  BaS04,,- 
When required,  a sphere roughened and coated wi th  gold provides  a h igher  
e f f i c i e n c y  i n  the  i n f r a r e d  f o r  wavelengths longer than  about 1.6 microns 
11 
21 
(2) 0 
The use of a t t e n u a t i n g  screens  f o r  ob ta in ing  equiva len t  f l u x  from the  
two sources  under comparison was discussed i n  cons iderable  d e t a i l  i n  our 
previous r epor t  (2)  and will not  be f u r t h e r  discussed he re  except  t o  
po in t  out t ha t  t h e i r  use a f f o r d s  a check on the  l i n e a r i t y  of t he  e l ec t ron -  
i cs  employed i f  they are s e l e c t e d  wi th  h o l e s  not  s i g n i f i c a n t l y  smaller 
than  0,5 mm diameter and i f  set p r e c i s e l y  perpendicular  t o  the  f l u x  beam. 
Screens w i t h  very small openings have been found t o  have non-uniform 
spectral t ransmit tance i n d i c a t i n g  f l u x  loss because of i n t e r f e r e n c e  
e f f e c t s .  Each screen  m u s t ,  before  use,  be checked f o r  s p e c t r a l  t r a n s -  
mit tance and f o r  v a r i a t i o n s  i n  t ransmi t tance  over t h e i r  a r e a s  i f  accu ra t e  
r e s u l t s  are t o  be obtained wi th  them. 
The output of the photomul t ip l ie r  may be measured d i r e c t l y  w i t h  a dc 
picoammeter i n  labora tory  work wherein manual ope ra t ion  is practicable. ,  
This  a p p l i e s  i n  p a r t i c u l a r  i n  the  c a l i b r a t i o n  of 1000-watt quar tz - iod ine  
lamp standards of s p e c t r a l  i r r ad iance .  I n  t h i s  case  a f t e r  a n  adjustment 
of the  ze ro  is made, readings  are v i s u a l l y  observed and recorded a l t e r -  
n a t e l y  f o r  the s tandard and f o r  t he  source under c a l i b r a t i o n  f o r  a par -  
t i c u l a r  wavelength s e t t i n g .  Any ze ro  d r i f t  is cor rec t ed  from time t o  
time. 
s p e c t r a l  i r r ad iance  a t  t h i s  Bureau f o r  t h e  u l t r a v i o l e t  and v i s i b l e  
s p e c t r a l  regions where the  photomul t ip l ie r  has  a high s e n s i t i v i t y .  
This  method is employed i n  the  c a l i b r a t i o n  of lamp s t anda rds  of 
- 1/ Spun aluminum ( th ickness  .04 i nch )  hemispheres wi th  a 1/2-inch f l ange  
m y  be obtained from The Webber Brass Company, 3344 Payne Avenue, 
Cleveland 14, Ohio 
- 2/ High qua l i ty  MgO and Bas04 are obta inable  from t h e  Ace S c i e n t i f i c  
Supply Company, 1420 East Linden Avenue, P. 0. Box 127, Linden, N, J. 
I 6 
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I n  i n v e s t i g a t i o n s  i n  which a source d i f f e r i n g  s i g n i f i c a n t l y  i n  
s p e c t r a l  q u a l i t y  from t h a t  of t he  standard lamp, as f o r  example, the  
sun, or a s o l a r  s imulator  source,  i s  t o  be measured t h e  use of chopped 
s i g n a l s  and ac ampl i f i ca t ion  has  been found h igh ly  advantageous as 
i n d i c a t e d  i n  our previous r e p o r t  (2). Chopping may be a t  any con- 
venien t  frequency, b u t  s i n c e  a v a i l a b l e  cmuercial a m p l i f i e r s  have set  
chopping f requencies  the  choice of a m p l i f i e r  n e c e s s a r i l y  determines both. 
To d a t e ,  b e s t  r e s u l t s  i n  s i g n a l  to noise r a t i o  been obtained wi th  
the  Brower Model 129, 33 cps  lock-in amplifiere~’ve!l%is ampl i f i e r  has  a 
ga in  switch providing v a r i a b l e  ga ins  i n  s t e p s  of 2-2-2.5, e t c . ,  f o r  a 
t o t a l  range of 5,000,000. This  i s  a conxLderable improvement over t h e  
usua l  i n s t r u r e n t a t i o n  wi th  ga in  ranges i n  s t e p s  of 3, 3 1/3, or  10. 
a t tempt  will be made t o  d i s c u s s  the  e l e c t r o n i c s  of the  i n s t r u m n t  i t s e l f  
as such information i s  a v a i l a b l e  from the  published l i t e r a t u r e  (14,15) 
and the  manufacturer (16). 
N o  
A s  noted i n  our prev ious  r e p o r t ,  s t r i p  chart recorders m e  aiiailablc 
i n  f i n i s h e d  des ign  from a number of sources., Only coupl ing networks 
need be considered i n  t h i s  connection, Ir’ a l ~ - m i ~ l i v o l t  s rip chart 
recorder  i s  employed - a type G, I&N instrument f o r  example - the  
coupl ing network c o n s i s t s  of a 22-ohm r e s i s t o r  (only) ac ross  the  recorder  
i npu t  ., 
I f  meaningful source s p e c t r a  are t o  be recorded two a u x i l i a r y  i t e m s  
not  r e a d i l y  a v a i l a b l e  comnercially a r e  requi red ,  
d r i v e  and a wavelength indexing mechanism, o r  i t s  equiva len t .  Both may 
be r e a d i l y  cons t ruc ted  p r imar i ly  from commercial gear ing and e l e c t r i c a l  
components and coordinated so t h a t  a small pulse ,  say,  of 5 percent  f u l l  
s c a l e ,  may be superimposed on t h e  recorder  t r a c i n g  a t  s e l e c t e d  wavelength 
i n t e r v a l s .  The wavelength d r i v e  and indexing mechanisms employed a t  t h i s  
Bureau are shown i n  f i g u r e s  8 and 9. 
These are a wavelength 
The va r ious  gear  components are comnercial Boston 32-pi tch (type G) 
b r a s s  spur  gears .  When mounted on s t e e l  d r i l l  rod s tock  and s e t  i n t o  a 
b r a s s  p l a t e  frame, smooth ope ra t ion  i s  assured  wi th  bu t  l i t t l e  l u b r i -  
c a t i o n  requi red ,  However, f o r  deluxe operat ion,  b a l l  bear ing  or  s p e c i a l  
bronze s l e e v e s  may be employed, End motion on t h e  gear  s h a f t s  may be 
c o n t r o l l e d  by end p l a t e s ,  sleeves, reduced s h a f t  diameter,  o r  by d r i l l i n g  
the  s h a f t  bea r ings  only 3/4 of t he  d is tance  through t h e  p l a t e s .  
wavelength indexing mechanism c o n s i s t s  of t h r e e  p ins  on the  gear connected 
w i t h  t h e  spectromzter d r ive  s h a f t  which c l o s e s  a small  micro-switch a t  
t h r e e  a r b i t r a r y  p o s i t i o n s  f o r  each spectrometer drum r o t a t i o n .  Each time 
a c o n t a c t  i s  m3de a pulse  o r i g i n a t i n g  i n  the  e l e c t r o n i c s  (see f i g u r e  9 ) i s  
impressed upon t h e  s i g n a l  from the ampl i f ie r  t o  the  recorder  r e s u l t i n g  i n  
a rnomentary 5% f u l l  scale inc rease  i n  the  va lue  on t h e  s t r i p  c h a r t ,  An 
a u x i l i a r y ,  manually operated switch permits t he  temporary e l imina t ion  of 
t h i s  pu l se  as desired.  
The 
- 3/ This  a m p l i f i e r  is obta inable  from Brower Laborator ies ,  Inc,  , 
Turnpike Road (Rt. 9), Westboro, Massachusetts 01581 
-8 - r r 
The Brawer a m p l i f i e r  set up as descr ibed above i s  equa l ly  app l i cab le  
f o r  use e i t h e r  wi th  a photomul t ip l ie r  o r  wi th  a PbS ce l l .  Hence, t h i s  
ins t rumenta t ion  may be employed through t h e  e n t i r e  s p e c t r a l  range from 
0.25 to 2.5 microns w i t h  but  a s i n g l e  change i n  o p t i c a l  and e l e c t r o n i c  
set-up - t h e  changing of d e t e c t o r s  a t  some po in t  i n  the  v i s i b l e  spectrum. 
Usually,  i t  i s  more p r a c t i c a b l e  t o  over lap  a s i g n i f i c a n t  po r t ion  of t he  
v i s i b l e  range t o  a s su re  t h e  opera tor  t h a t  equiva len t  r e s u l t s  are obtained 
wi th  the  two d e t e c t o r s ,  Ample s e n s i t i v i t y  i s  a v a i l a b l e  f o r  the  u l t r a -  
v i o l e t ,  v i s i b l e ,  and most of the  i n f r a r e d  s p e c t r a l  reg ion  employing a 
s i n g l e  sphere coa t ing ,  e i t h e r  MgO or  BaS04. Any ga in  through changing 
t o  a gold-coated sphere i s  probably no t  worth t h e  added e f f o r t  (2). 
However, through t h e  use  of a block or  p l a t e  d i f f u s e r  (2) a s i g n i f i c a n t  
ga in  mny be had, 
up f o r  use i n  c e r t a i n  s o l a r  s imulator  measurements. 
permit the  ob ta in ing  d i r e c t l y  of p rec i se  abso lu te  va lues  of s p e c t r a l  
i r r a d i a n c e  because of t h e  d i f f i c u l t i e s  of determtning p r e c i s e l y  t h e  
source and s tandard  d i s t ances ,  bu t  good re la t ive  s p e c t r a l  va lues  should 
thereby be obta inable ,  and i t  w i l l  be poss ib l e  t o  use narrower spec t ro-  
meter s l i ts ,  thus  inc reas ing  measurably the  in s t rumen ta l  s p e c t r a l  
d i spers ion ,  From the  establ ishment  of one o r  more p o i n t s  on t h e  re- 
s u l t i n g  curve, the  e n t i r e  s p e c t r a l  i r r a d i a n c e  curve of t h e  source may be 
placed upon a n  abso lu te  bas i s .  
An a u x i l i a r y  p l a t e  d i f f u s e r  i s  accord ingly  being set 
I ts  use w i l l  no t  
a. S p e c t r a l  I r r ad iance  from a n  Hg-Xenon Source 
An example of t he  r e s u l t s  ob ta inable  wi th  our i n s t rumln ta t ion  i s  
shown i n  f i g u r e s  1OA and 10B,  the  s p e c t r a l  i r r a d i a n c e  from a 2500-watt 
Hg-Xenon a rc  lamp set a t  a d i s t ance  of one meter. The i r r a d i a n c e  from 
t h i s  lamp c o n s i s t s  of two p a r t s  - t he  continuum and t h e  l i n e  spec t r a ,  
The former i s  obtained through eva lua t ing  the  lamp i r r a d i a n c e  a t  numerous 
wavelengths between l i n e s ,  then  extending t h e  curve a r b i t r a r i l y  through 
the  l i n e  posi t ions.  The r e s u l t i n g  curve should be a t r u e  r e p r e s e n t a t i o n  
of t he  continuum. However, f o r  t he  l i n e s ,  a t r u e  r e p r e s e n t a t i o n  i s  i m -  
p r a c t i c a l ,  s ince  l i n e  widths  not  only vary  cons iderably ,  but  are usua l ly  
very  narrow indeed, so t h a t  a t r u e  r e p r e s e n t a t i o n  would not  only be next  
t o  impossible,  bu t  would r e s u l t  i n  a c h a r t  many f e e t  o r  ya rds  i n  he ight .  
Hence, s p e c t r a l  l i n e s  are o r d i n a r i l y  a r b i t r a r i l y  shown i n  one of t h r e e  
ways - namely, as p l o t t e d  by t h e  p a r t i c u l a r  ins t rumenta t ion ,  as  t r i a n g l e s  
of a r b i t r a r y  base,  or  as r e c t a n g l e s  of a r b i t r a r y  base. We have chosen t o  
use t h e  t h i r d  method i n  the  present  case, p l o t t i n g  each l i n e  as though i t  
h a s  a n  a r b i t r a r y  s p e c t r a l  width of 1 nm, The he igh t  of t he  r e s u l t i n g  
r ec t ang le  i s  such t h a t  t he  area enclosed i s  p ropor t iona l  t o  the  r a d i a n t  
p m e r  ava i lab le .  On some other  sources  wherein t h e  s p e c t r a l  l i n e s  are 
broad or  tend t o  extend i n t o  overlapping bands w e  use the  f i r s t  method as 
b e s t  represent ing  t h e  datawfiile a f f o r d i n g  g r e a t e r  ease of r educ t ion  of 
t h e  d a t a  r e l a t i v e  t o  t h a t  obtained by t h e  s tandard.  
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2 Phot oe le c t r i  c F i  Iter Spec t r o rad i  ome t e r  s 
The des ign  and use of a pho toe lec t r i c  f i l t e r  spectroradiometer  was 
discussed i n  cons iderable  d e t a i l  i n  our previous r e p o r t  ( 2 ) o  Since the  
p repa ra t ion  of t h a t  r epor t ,  however, the  use of t h i s  i n s t r u m n t a t i o n  
has  been extended not  only t o  include p a r t  of t h e  u l t r a v i o l e t  s p e c t r a l  
reg ion ,  bu t  t o  inc lude  also add i t iona l  types of mechanical opera t ion  
and e l e c t r o n i c  output  arrangements, 
As i nd ica t ed  i n  an  ear l ie r  sect ion,  i n  t h e  r o u t i n e  c a l i b r a t i o n  of 
1000-watt quartz- iodine lamp standards of s p e c t r a l  i r r a d i a n c e  a t  t h i s  
Bureau, t he  use of a p h o t o e l e c t r i c  f i l t e r  spectroradiometer  has  been 
m d e  s tandard equipment f o r  t he  s p e c t r a l  reg ion  from the v i s i b l e  t o  
2.5 microns i n  the  i n f r a r e d  (see f igu re  11). I n  t h i s  p a r t i c u l a r  i n s t r u -  
ment the  f i l t e r  disk is r o t a t e d  manually BO t h a t  a l t e r n a t e  readings  may 
be msde on the  s tandard and test lamp a t  each wavelength s e t t i n g ( d e t e r -  
mined by the  p a r t i c u l a r  f i l t e r  t ransmission characterist ics) 
of the  510 cps  chopper and tuned ampl i f ie r  permits  r ap id  measurement 
s ince  the  t i m z  cons t an t s  of a l l  t he  e l e c t r o n i c  and o p t i c a l  components 
a r e  la,, Automatic record ing  i s  possible  i n  t h i s  set up, bu t  i t  has  
been found t o  slow up and lmer t h e  p rec i s ion  of the  measuremen:s. 
The use 
A pho toe lec t r i c  f i l t e r  spectroradiometer employing 3 6  narrow-band 
i n t e r f e r e n c e  f i l t e r s  was descr ibed  somewhat i n  d e t a i l  i n  t he  previous 
r e p o r t  (I), The des ign  of t h i s  instrument permits  covering most of 
the  s o l a r  s p e c t r a l  reg ion  i n  measurements on s o l a r  s imula tor  sources.  
Recently the  developme t of new and improved u l t r a v i o l e t  narraw-band 
i n t e r f e r e n c e  f i l t e r s  h7 has  made p r a c t i c a l  i t s  use down t o  about 
0,25 micron. 
t hese  f i l t e r s  in conjunct ion wi th  the two types  of p h o t o e l e c t r i c  c e l l s  
(phototubes and photomul t ip l ie rs )  and wi th  a picoammeter (vs. t h e  
510 c p s  tuned a m p l i f i e r )  ampl i f i e r  feeding i n t o  an  U N  s t r i p  c h a r t  
recorder .  It w i l l  probably no t  be necessary t o  employ the  more elabo-  
rate (Brawer) lock-in ampl i f i e r  in any of t h e  mzasurements w i th  the  
narrox-band i n t e r f e r e n c e  f i l t e r s ,  
Experimznts are present ly  i n  progress  wi th  t h e  use of 
To cover t h e  u l t r a v i o l e t  s p e c t r a l  reg ion  (300 t o  400 nm) a compact 
i n s t rumen ta t ion  has  been assembled through the  use of 9 narrow-band 
(one/half  band width 10 urn) i n t e r f e rence  f i l t e r s  w i th  pass  bands 
cen te red  a t  (or near )  310, 32OOe0, and 390 nm (see f i g u r e  12 f o r  t h e  
s p e c t r a l  t ransmi t tance  of s e v e r a l  of t h e  f i l t e r s ) .  These are arranged 
a t  nCne (of twelve) p o s i t i o n s  on a f i l t e r  d i sk ,  spaced 30" a p a r t  so 
t h a t  through the  use of a geneva d r i v e ( i n t e r m i t t e n t  motion assembly)5/ 
mi?chanism each f i l t e r  i s  placed i n  pos i t i on  f o r  a f i x e d  time i n t e r v a l  
(say,  10 seconds) af ter  which the  next f i l t e r  i n  l i n e  i s  s i m i l a r i l y  
placed i n t o  pos i t ion .  Three "blanks" permit a 25-second and a 15-second 
ze ro  rsch  r evo lu t ion  of t he  filter d i sk ,  Thus the  recorder  c h a r t  shows 
&/ i3btalnable from the Eppley Laboratory, Inc., Newport, R. I , ,  or  from 
Tki.n Fi lm Products,  Inc., 169 Bridge S t r e e t ,  Cambridge, Mass. 
-- 
I 5 /  Geneva d r i v e  mechanisms of t h i s  type are a v a i l a b l e  from P ic  Design 
Corp., 477 A t l a n t i c  Avenue, East Rockaway, L. I., New York. 
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9 hor i zon ta l  l e v e l s  r ep resen t ing  the  i r r a d i a n c e s  a t  the  9 s p e c t r a l  
i n t e r v a l s  i s o l a t e d  by the  9 i n t e r f e r e n c e  f i l t e rs ,  C a l i b r a t i o a  of t he  
instrument  i s  accomplished simply by placfng a s tandard lamp ( i n  i t s  
mounting rack) i n  p o s i t i o n  i n  l i e u  of t h e  t e s t  source. Since t h e  
observed responses are much g r e a t e r  through t h e  longer wavelength ranges,  
these  are reduced t o  approximate those  a t  sho r t e r  wavelengths through 
the  use of a d d i t i o n a l  f i l t e r i n g .  This i s  r e a d i l y  accomplished through the  
use of perforated screens and g l a s s  co lo r  f i l t e r s .  This  procedure i s  
necess i t a t ed  i n  order  t o  keep a l l  readings  w i t h i n  a reasonable  range on 
the  recorder  cha r t .  Di f fe rences  between s tandard and test  source can 
be handled through changes i n  t h e  ampl i f i e r  s e n s i t i v i t y  s e t t i n g ,  
V. Concluding Remarks 
Tnis  repor t  supplements ear l ier  ones (1,2) whose review i s  r equ i r ed  
t o  properly assess t h e  r e s u l t s  recorded i n  t h e  present  one, 
i n  regard t o  the b e s t  ins t rumenta t ion  f o r  use i n  t h e  measuremznt of t h e  
s p e c t r a l  i r r ad iances  from s o l a r  s imula tors  and s o l a r  s imulator  sources  
remain much the  same - namely, f o r  primary use w e  recommend the  con- 
ven t iona l  spec t roradiometr ic  method i n  which a n  i n t e g r a t i n g  sphere is 
employed and the  i n c i d e n t  beam of f l u x  fs chopped, pe rmi t t i ng  ac ampli- 
f i c a t i o n .  For supplementary measurements, the  p h o t o e l e c t r i c  f i l t e r  
spectroradiometer  i s  recomnended f o r  use i n  t h i s  areao I n  f a c t ,  i t s  use 
mny be made the  s o l e  ins t rumenta t ion  f o r  checking a s o l a r  s imula tor ,  o r  
s imulator  source a f t e r  i t s  s p e c t r a l  i r r a d i a n c e  has  once been c a r e f u l l y  
surveyed by mp,ans of t he  more e l a b o r a t e  prism spectroradiometer .  
Conclusions 
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Table I. Spectral Irradiance of 1000-watt Tungsten-Filament Quartz- 
Iodine Lamps in Microwatts per (cm2 - nm) at a Distance of 
50 cm When Operated at 8.30 Amperes. 
A, nln QM- 11 QM- 12 QM- 13 Mean 
2 50 0.0189 0.0220 0.0207 0.0205 
2 60 .0340 .0389 .0367 -0365 
2 70 -0582 .0650 .0619 .0617 
2 80 .0934 . lo3 .0984 .0983 
2 90 I 141 .155 .148 .148 
300 .201 .221 .212 .211 
320 .382 .416 .402 .400 
3 5u .874 . y 3 i  .Y14 .833 
3 70 1.34 1.43 1.40 1.39 
400 2.32 2.46 2.41 2.40 
450 4.51 4.76 4.68 4.65 
500 7.50 7.76 7.65 7.64 
5 50 10.8 11.2 11.0 11.0 
600 14.2 14.7 14.4 14.4 
6 50 17.5 18.1 17.8 17.8 
700 20.5 
7 50 2 2 - 5  
80 0 23.8 
900 24.6 
1000 24.0 
1100 22 -4 
1200 20 -4 
1300 18.4 
1400 16.5 
1500 14.6 
21.0 20.9 
23.1 22.9 
24.4 24.2 
25.2 25.1 
24.6 24.5 
23.0 23.0 
21.0 21.0 
18.9 18.9 
16.9 16.9 
14.9 15.0 
20.8 
22.8 
2 4 - 1  
25.0 
24.4 
22.8 
20.8 
18.7 
16.8 
14.8 
1600 12-9  13.1 13.2 13.1 
1700 11.3 11.4 11.5 11.4 
1800 9.80 9.90 9.98 9-89  
1900 8.49 8.59 8 -62  8.57 
2000 7.33 7.42 7.45 7.40 
2 100 6.39 6.50 6.50 6.46 
2200 5.69 5.72 5 -75  5.72 
2300 5.04 5.10 5.14 5.09 
2400 4.56 4.60 4.64 4.60 
2 500 4.18 '+. 19 4 -26  4.21 
XFERENCES 
1, Ralph S t a i r ,  W i l l i a m  E. Schneider,  W i l l i a m  R. Waters and 
John K. Jackson, Development of Improved Method of Measuremint of 
S p e c t r a l  I r r ad iance  from Solar  Simulators,  NBS Report 8539, J u l y  1964. 
2. Ralph S t a i r ,  W i l l i a m  E. Schneider,  W i l l i a m  R, Waters, John K. Jackson 
and Roger E. Brawn, Some Developments i n  Improved Methods f o r  t he  
Measuremznt of t he  S p e c t r a l  I r r ad iances  of Solar  Simulators ,  
NASA Report No. CR-201, Washington, D. C , ,  A p r i l  1965, 
3, Ralph S t a i r ,  W i l l i a m  E. Schneider,  W i l l i a m  R. Waters and 
John K, Jackson, Some Fac to r s  Affect ing the  S e n s i t i v i t y  and Spzc t r a l  
Response of Thermoelectric (Radiometric) Detec tors ,  Appl, Opt, A, 703 
(1965) 
5,, A, J. Drummond and E. h u e ,  The E x t r a t e r r e s t r i a l  Solar  Spectrum and 
i t s  Simulation i n  Space Environmental T e s t  Systems, Proceedings of 
J o i n t  Symposium on Solar  Radiat ion Simulation, Los Angeles, C a l i f , ,  
18-20 January 1965. 
6 .  V, KO Zworykin and E. G. Ramberg, P h o t o e l e c t r i c i t y  and i t s  Appli-  
c a t i o n ,  John Wiley and Sons, New York (1949). 
7. R. J, Cashman, New Photo-Conductive Cells,  J- Opts sot, Ama 36, 356 
(1946). 
8. A. J, Cussen, P r o p c r t i e s  of Photoconductive Detec tors  and Procedures 
Used t o  Mzasure these  P rope r t i e s ,  Report No. 144, Naval Ordnance 
Laboratory,  Corona, Cal i f  . , 1954. 
9, R, F. P o t t e r  and W. L, Elsenman, Inf ra red  Photodetec tors ,  A Review 
of Opera t iona l  Detec tors ,  Appl. Opt, 1, 557 (1962). 
10. W, W. Coblentz, Measurements on Standards of Radiat ion i n  Absolute 
Value, Bul. BS ll, 87 (1914) S227, 
11. Ralph S t a i r ,  RussellG. Johnston and E, W, Halbach, Standard of 
S p e c t r a l  Radiance f o r  t he  Regioa of 0.25 t o  2.6 Microns, 
J. R e s ,  NBS &4&, 291 (1960), 
12, Ralph S t a i r ,  W i l l i a m  E. Schneider and John K. Jackson, A New Standard 
of S p e c t r a l  I r r ad iance ,  Appl. Opt. 2, 1151 (1963). 
13, Ralph S t a i r  and W i l l i a m  E. Schneider, Standards,  Sources and Detec tors  
i n  Radia t ion  Measurements, Symposium on Thermal Radia t ion  of Sol ids ,  
Ssn Francisco ,  Ca l i f , ,  March 1964, NASA Report No. Sp-55, page 217, 
1965. 
I -2- 
14, Robert D. Moore, Lock-In Amplif iers  f o r  S igna l s  Buried i n  Noise, 
E lec t ron ic s  3 5 ,  No. 23, 40 (June 8 ,  1962). 
15. R. D. Moore and 0. C. Chaylawsky, Modern S ignal  Process ing  
Technique f o r  Optimal S igna l  t o  Noise Rat ios  , Technical  B u l l e t i n  109, 
Pr inceton Applied Research Corp., Pr inceton,  N o  J, , 1963. 
16. Brcrwer Laborator ies ,  Inc., Model 129 Thermocouple Amplif ier ,  
Operating I n s t r u c t i o n s ,  Brower Labora tor ies ,  Inc. ,  Westboro, Mass., 
1965. 
t 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
'i 
(3 z 
W > 
0 Q z a s 
-I (3 
CT 
I a 
a 
a - 
0 
-(v 
- 
to 
0' 
0 
0 
0 
m 
0 
03 
cb 
d 
5 
rl 
3 
a 
El 
cb 
a s o 
cb 
d 
P 
a 
d 
0 
M 
5 
4 
3 
a 
0)  
U h 
8 
n z 0 
v, 
U 
91 
rl a 
0 
k m  
E d 
E 
u - 
a b  - .  
T 91 
U 
cbg 
rwh o u  
> a91 s 
0 
b 
8 
W 
3 
I- 
0 
I- 
O 
I e 
rc) 
M 
0, 
0 
m 
a 
a 
1 
I 
-T 
0 - 0 0 0 0 0 6 J  Y) rr) 0 0 0 0 0 Q, Q PL (0 
3SNOdS3tl 3hllQl311 
a . 
w 
v) z 
0 
Q 
v) w 
W > 
2 
W 
a 
F a 
a 
400 
300 
200 
100 
80  
60 
40 
30 
20 
IO 
8 
6 
4 
3 
2 
I 
SPECTRAL RESPONSE 
EASTMAN KODAK PbS CELL 
I 
I 2 3 4 
WAVELENGTH, MICRONS 
5 
Fig. 3. Relative spectral rerponrc of an Eastman 
Kodak PbS cell (Manufacturers data) 
W 
m 
Z 
0 a 
m 
W 
LL: 
-I 
cr 
I- 
O 
W 
cn 
w 
> 
l- 
-I 
W 
U 
a 
a 
- 
a 
I I I I I - 
- - - - 
I- 
i 0.01 
0.000 
0 0.2 0.4 0.6 0.8 1.0 1.2 
WAVELENGTH, MICRONS 
Fig. 4. Relative spectral  response of an EMI type 9558B 
photomultiplier (Manufacturers data). 

. 
I 
rr) 
t- 
o 
U 
ai 
i 
I- 
- 
LL 
n f 2 
Q 
J 
r( 
U 
U 
d 
a 
0 
t- a 
z 
0 a 
I 
0 
0 
2 
C 
2 
W 
ad cd o s  & 
n 
(p: 
w 
Q 
0 
a 
vl 
Y a 
3 
0 
c) I 
I -\ 
4 
n 1 __. 
-.- I I ._. 
c 
VJ 
I W A 
A c 
(D 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
/ \  \  / \ 
T 
cu 
h 
2 aJ 
m 
m 
at 
aJ * 
rl 
Ll a 
d 
at 
3 
f4 
0 
U 
W 
0 
rl 
U 
i 
r) 
0 
d 
. 
M 
rl 
!A 
J 
% 
I M O O  I 
- 2  
0 
- 2  
I 
0 
- 0  
v) 
- ( u  / 
/ 
....... -= ..., .-- 
I .  
0 cu 
(D 
0 
0 
(0 
0 
4) 
v) 
0 
(D 
10 
0 
t 
v) 
0 
(u 
v) 
0 
0 
v) 
0 
4) 
t 
0 
CD 
t 
0 
t 
t 
a 
E 
$ 5  
% y  
t 
0 
I- 
(3 
0 2  
w g ;  
0 
t rn 
0 
(u rn 
0 s 
(u 
0 
(D 
(u 
0 z 
cu 
O 2  
aJ -a 
0 3  
d 
(d 
U 
(do 
U a 
B O  ( d m  
rlhl 
M 
4 
b.4 

I- 
v) 
W 
I- 
nn 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
U 
0 fm 0X a 
(3 
I- 
I 
I- 
I- 
S 
-J 
I  
2 
-0 
d a 
k 
a 
0 
2L 
5 
00 a 
0 
0 
d 
rn 
5 
rl 
3 
k 
0)  
U 
8 
d 
-0 a 
k 
0 
k 
U 
0 
% 
m 
k al u 
4 
4 
W 
0 
rl 
k 
U 
0 
al 
r( 
8 
2:: 
U .  
O k  
0 
W k  
0 1  
k 
d o  
M U  
4 0  
u a  
U 
. X U  
0Q)  o u  
d c l  
m a  
v
rl 
4 
bo 
d 
E 
40 
t 
30 Q) 
0 
Q) 
Q 
L 
t 
, 
. 
Q, 
0 
t 
U 
t 
t .- 
E 
u) c 
U 
IO 
0 /w\ 
300 320 340 3 60 
Wavelength, nm 
380 400 
F i g .  12. Transmission curves for several of the special narrow-band-pass 
interference f i l t e r s  employed i n  one of the photoelectric f i l t e r  
spec t r orad i o x  ter s . 
